Abstract Within the last decades, the water temperature of several European lakes has risen. It is assumed that these temperature increases are due to a reconfiguration of the heat-balance components. This study explores the dominant modifications of heat exchange with the atmosphere and their temporal evolutions. The objective is to identify the primary changes in heat fluxes and the sequence of events of the reconfiguration for the period 1984-2011. For this purpose, a model was applied to Lake Constance to estimate the contributions of the individual heat fluxes to the total heat balance. The results show that increasing absorption of solar radiation (10.21 6 0. have intensified in parallel due to higher lake surface temperatures. The heat budget is in a quasi-steady state, whereas incoming solar radiation and the warmer atmosphere increased the lake surface temperature; the warmer surface emits more longwave radiation and more water is evaporated. At each level of the slowly increasing water temperature, the heat fluxes are balanced. The overall change of the total heat content, however, is relatively little. Although the cooling effect of inflowing rivers decreased, this contribution is also small.
Introduction
Water temperatures of many lakes worldwide have increased in the past decades. Arvola et al. [2010] attributed these observed changes in heat content of some lakes to increasing air temperatures found globally [Solomon et al., 2007] as well as regionally [e.g., in the Alps: Brunetti et al., 2009] . The results summarized in Table 1 from the literature support that the observed warming trends in lake water temperature are a convincing indication of a phenomenon comprising most notable North European and North American lakes, irrespective of size.
In this study, we focused on the question of how different heat fluxes have contributed to the observed surface temperature trend in Lake Constance, a large Central European lake. Observed temperature changes in Lake Constance are within the range of the observations from other European lakes: Straile et al. [2003] calculated a significant volume-weighted water temperature trend of 0.017 C yr 21 for the period 1962-1998.
We assessed in detail the temporal evolution of the heat balance components at the surface of this lake. The aim was to analyze their temporal behavior, and compare their contributions to the total heat budget.
In addition to components assessed in previous studies, we also included the cooling or warming effects of the major inflow of the lake, the Rhine River. Finally, trends in the heat flux components and their contributions to the observed increase of the water temperatures were evaluated.
oligotrophic and monomictic Obersee. It has a maximum depth of 254 m and a volume of 47.6 km 3 .
The convective deep-mixing in winter usually reaches to a depth of more than $100 m in February. Every few years, the seasonal mixing penetrates to the maximum depth of the lake. Complete freezing occurred in the past not more than twice per century [Magnuson et al., 2000] and the last time in 1963 [Steinijans, 1976] .
Two data sets were used to derive a continuous time series of surface water temperature: T W,FU, measured, collected monthly at the deepest point of the lake between Fischbach and Uttwil (FU; Figure 1 ), and T W,Bregenz measured continuously at Bregenz (in the eastern Bay of Bregenz; daily means; Figure 1 ). T W,FU, measured is assumed to be representative for the entire lake. The differences between the two time series are not random. Rather, T W;Bregenz 2T W;FU;measured follows an annual course, with up to 13 C in spring and 22 C in winter. To establish a continuous surface water temperature time series for FU, the monthly observations at FU were interpolated as follows: The difference D t i ð Þ5T W;Bregenz t i ð Þ2T W;FU;measured t i ð Þ
was calculated for all dates i for which temperature measurements existed at both locations. Then, these differences were linearly interpolated for the time t between the measurements at t i and t i11 :
Finally, the resulting time series of differences was subtracted from T W,Bregenz to get a time series of T W,FU :
The advantage of this method is the use of information about daily variation at Bregenz to calculate the daily variations at FU, while the measured temperature at FU remains uncorrected for the point of time of the monitoring. The data show an increasing surface water temperature for Lake Constance predominantly in the first half of the year (Figure 2c ). There is no or only little change from mid-August to December. The maximum value found in the smoothed course is 10.12 C yr 21 on day 175 (24 June). A strong correlation to the changes in air temperatures is notable ( Figure  2c ).
Besides discharge, water temperature of the Rhine River has been measured since 1984 at the gauging station Diepoldsau, 17 km upstream of the river mouth (including 3.5 km of an artificial channel reaching into the lake). Similar to lake temperature and air temperature, the maximum river temperature is in August ($13 C with variations between 11.9 C and 17.6 C, Figure 3a ). The pattern of seasonal trends is smoother (Figure 3b ), but similar to those of air and lake temperatures. The Rhine River temperature has been increasing by 0.028 6 0.007 C yr 21 , which is half of the air temperature increase, and representative of other rivers in the central alpine region [Hari and G€ uttinger, 2004] .
Several small rivers are neglected in this present study (38% of the total inflow). Their hydrology is characterized by a discharge peak in the spring, whereas the mean maximum discharge of the Rhine River is in summer.
Meteorological Data
The Swiss weather service (MeteoSwiss) provides daily averages of air temperature at the station G€ uttingen and of global radiation at the station St. Gallen for the entire study period since 1 January 1981. Daily since the beginning of the 21st century (Figure 4a) . While there was a positive trend of solar radiation all over the year, increased radiation in summer was primarily responsible for this change (Figure 4b) . Wild et al. [2009] found similar increases of surface solar radiation at other stations in Europe, in the United States, and in parts of East Asia. Since the end of a global dimming period from the 1950s to the 1990s, the recent global brightening has been caused by efforts to reduce aerosol emissions and air pollution [Wild, 2009] . Actual data indicate that 2003 was not an exceptionally large positive anomaly, as Wild et al. [2009] mentioned.
Heat Flux Equations
The net heat flux H is the sum of all heat flux contributions. Incoming fluxes are accounted positive and outgoing fluxes are negative. H is calculated by
where H S is the shortwave absorption (pos), H A the longwave absorption (pos), H W the longwave emission (neg), H E the heat flux by evaporation/condensation, H C the heat convection (free and forced), and H F the heat flux caused by throughflow. The latter three components can have either sign. If H is negative, the water body loses heat. If it is positive, energy is stored in the water body. Most of the heat is stored in the very top and some of it is slowly transported into deeper parts by vertical advection. Thus, the effects of a change in the heat balance on water temperature may be strongest at the lake surface and weaker in the much larger deep water volume. Due to heat storage, it is essential to realize that trends in epilimnion water temperature do not necessarily translate directly to trends in heat fluxes.
Shortwave Absorption
The solar radiation is partially reflected at the water surface. G is the global radiation incident at the lake surface, measured in St. Gallen (shortwave radiation from the sun and scattered by the atmosphere), and A S is the shortwave albedo (total reflectance) of the water surface. We assume constant optical properties of the upper water layers. The amount of reflected radiation depends on the angle of the sun above horizon, and on the proportion of direct (F dir ) and diffuse shortwave radiation (F diff ). The latter is the radiation reaching the surface after being scattered by clouds, particles, or air molecules in the atmosphere. The albedo of diffusive shortwave radiation (A diff ) is approximately constant at $0.066 [Burt, 1954] . Grishchenko [1959] measured A S at different wave heights, elevation angles from 0 to 70 , and different cloud cover classes. His results showed that the real albedo is higher at low solar elevations and lower at high elevations. In this study, the mean monthly ''Grishchenko albedo'' for the latitude of 50 , modified by Cogley [1979] , was used (Table 2) . These modifications were recommended as normal for fair-weather albedo, assuming scattered light cloud and a moderately agitated sea surface by Cogley [1979] . H S is then given by
with
were C is cloudiness in nondimensional units of 0 (clear sky) to 1 (complete cover).
Longwave Absorption
According to the Stefan-Boltzmann law, the atmosphere acts as an infrared radiator. With this approach, the longwave radiation that enters the water body is
with the Stefan-Boltzmann constant r (5.67 3 10 28 W m 22 K 24 ), the absolute temperature of the atmosphereT a [K] and the emissivity E a . The incoming radiation is reduced by the albedo for the infrared radiation A L [-] , that is set to 0.03 [Raphael, 1962] . The emissivity is mainly determined by humidity and clouds.
To estimate E a we used
where e a is the water vapor pressure [hPa] and a [-] is a calibration parameter. Livingstone and Imboden [1989] found a value of a 5 1.09 for Lake Aegeri (Switzerland).
In the present study, a was calibrated (all other parameters were known) with the assumption that the integrated net heat flux H(t) for the observation period of January 1984 to December 2011 is equal to the observed change of heat content of the entire lake in the same period ( Figure 5 [Grishchenko, 1959] , modified by Cogley [1979] . 
Longwave Emission of a Lake
The Stefan-Boltzmann law was also used to calculate the longwave emission from the lake surface at the absolute water temperatureT w [K] . Based on the results of Davies et al. [1971] , the lake surface emissivity E w 5 0.972 was used in this study:
Evaporation and Condensation
Generally, there are two processes that cause evaporation and associated latent heat flux from the lake to the atmosphere: free and forced convection. In free convection, vapor is transported due to buoyancy-induced flow in the atmosphere. Forced convection refers to the wind-induced evaporation. The amount of evaporation depends, therefore, on the interaction between these processes for different wind conditions [Sill, 1983] . Heat loss due to evaporation can be defined by equation (11), which is based on the widely used Dalton's law.
The higher the positive difference between the saturated water vapor pressure (e s [mbar] ) and the water vapor pressure of the air over the lake (e a [mbar]), the higher is the latent heat flux into the atmosphere. There is condensation if e s < e a . e s is approximated by the Magnus formula given by WMO [2008] :
The empirical function, f [W m 22 mbar 21 ], mainly depends on wind speed. Livingstone and Imboden [1989] suggested equation (13) as a parameterization for Lake Aegeri (Switzerland). This function includes free convection and is not zero for no wind. It also includes an instability term that is defined by the difference between water and air temperature: Equation (13) is based on the work of Kuhn [1978] at Lake Zurich, and we assume that it is a good estimate also for nearby Lake Constance. McJannet et al. [2012] showed that evaporation can also depend on lake size or wind fetch. However, the size dependence is relevant particularly for water bodies much smaller than Lake Zurich and Constance.
Forced and Free Convection
The so-called Bowen ratio b5H C =H E is proportional to the ratio of temperature differences and water vapor pressure differences between the water surface and the atmosphere [Bowen, 1926] :
with the psychrometric constant Following Livingstone and Imboden [1989] by inserting equation (11) into equation (14), the sum of forced and free sensible heat flux can be calculated by
2.3.6. Throughflow
The entry or withdrawal of thermal energy by river inflow and outflow relative to T W is described by equation (17) [Livingstone and Imboden, 1989] :
c p is the specific heat of water (4200 J kg 21 K 21 ), and q is the density of water ($1000 kg m 23 ). Q is the outflow of water, T in is the inflow temperature, and A 0 is the lake surface area. With reference to the study of Auerbach [1952] , it is assumed that the outflow temperature is identical to the surface water temperature. Hence, this approach potentially underestimates H F slightly because it does not consider possible portions of deeper-and therefore colder-water in the outflow. Table 3 lists the mean annual values and trends for all six heat flux components. The uncertainty is given as the estimated standard deviation of the trend estimates. The mean annual courses are shown in Figure 6 . The shortwave absorption reaches a maximum of 216.2 W m 22 in summer and a minimum of 27.3 W m 22 in winter (Figure 6a ). Clouds damp the amount of shortwave energy that penetrates into the water. In summer, the variation of the daily averaged H S is higher than that of the other heat flux components. This variability is indicated by the smoothed interquartile distance between the 25% and 75% quantiles (or 5% and 95% quantiles) shown in Figure 6a .
Results

Annual Course of Radiative Components
The maximum absorption of longwave radiation from the atmosphere H A is in August (372.6 W m 22 , Figure   6b ) and the minimum of 255.4 W m 22 is reached in February. The variation of this largest heat input is almost independent of the season. 50% of the values occur within an interval of $35 W m 22 . In winter, this interval is slightly wider.
Most of H A is compensated by the major heat loss, the longwave emission H W from the water surface (Figure 6c) ). The maxima of H W and H A are delayed by approximately 2 months in respect to H S . In spring and summer, the water temperature increases and stores thermal energy even after shortwave input passed its annual maximum. The maximum water temperatures are reached when air temperatures and the absorption of H A start to decline in August. Thus, the switch from heat storage (positive H) to heat release (negative H) is triggered dominantly by H A .
Annual Course of Nonradiative Components
The monthly mean maximum heat loss by evaporation H E is 276.0 W m 22 in August (Figure 6d) Overall, the Rhine River has a cooling effect on Lake Constance (Figure 6f) The contribution of the nonradiative components to the heat balance H was evaluated by removing individual components from H ( Figure 7 ). H decreases approximately linearly from May to July. If H F is removed from H the ''sloping plateau'' disappears ( Figure 7) . The mean annual course of H gets a rounder top. This is the period when the Rhine River throughflow contributes most to the total H. In summary, (i) H E is the main nonradiative part of the heat balance equation, (ii) in summer the cooling effect of H F is higher than that by H C , and (iii) from October to April the contribution by the Rhine River is very low.
Trends in the Annual Heat Components
The trends for the individual heat components were derived from the smoothed time series to avoid the distortion of trend calculation by extreme weather events (the low-pass filter is a local linear regression with a window of 60 days). The linear trends of the annual means are listed in Table 3 . There are two significant trends in the radiative heat fluxes at Lake Constance: the annual means of the longwave irradiation H A and emission H W increased significantly (Figures 8b and 8c ; Mann-Kendall test with significance level a 5 0.05). The annual means of the absorbed shortwave radiation H S increased (Figure 8a ). But this trend is merely significant at a level of a 5 0.17.
Regarding nonradiative heat fluxes, the annual mean of H E changed significantly. The annual maximum heat loss by H E increased (Figure 8d ). There is also a small but significant decrease of the annual spring warming in H F (diamond symbols in Figure 8f ). This is due the fact that around day 100, the warming trend of the cold lake ($0.08 C yr 21 ) has been larger than that of the warm inflow temperatures ($0.04 C yr 21 ), decreasing the difference between the two temperatures.
Trends in the Annual Course of the Heat Components
To evaluate the changes of the heat fluxes on each day of the year during the period 1984-2011, a linear trend of the annual values was calculated for each specific day of the year. The aim was to explore the seasonality of the mean annual course of changes ( Figure 9 ). The trends were fitted to the data by robust regression using iteratively reweighted least squares [Holland and Welsch, 1977] . The calculated annual courses of trends (thin lines in Figure 9 ) were smoothed with a window of 14 day (bold lines in Figure 9 ) to reduce the influences of extreme weather conditions that could distort the trends at individual days of the year. These calculations are the basis of the following findings: ) is 15% of this value. This additional heat input is mainly compensated with a trend to more evaporation H E and infrared emission H W in the first part of the year (Figures 9c and 9d) . As expected, the shape of changes in the annual course of H W corresponds to the surface water temperature changes (Figure 2c) . Increasing absorption of H S in spring and early summer increases the energy storage of the lake. This heat storage is reduced by increasing longwave emission H W with a delay of about 2 months. This is why increasing H S is not balanced out immediately. H W and its trend increase a few weeks later than H S . The characteristic patterns of the trend in H W (for instance the abrupt decline between day 180 and day 210) and in the other heat components are not random: The Runs-Test on Randomness [O'Brien and Dyck, 1985] was applied to the not-smoothed annual trend curves. It showed that the trend of each day is not random (a 5 0.05) and is correlated to the trends of the neighboring days. Similar trends on subsequent days indicate a robust signal of change within a specific month or period.
On average, there is a tendency to increasing evaporation H E of about 20.27 6 0.12 W m 22 yr 21 ( Figure   9d ). Evaporation increased until midyear (up to 21.79 W m 22 yr 21 on day 185, 4 July, smoothed data), followed by an immediate step to a lower increase of evaporation in the second half of the year. H C did not change with a clear seasonal pattern (Figure 9e ). The outstanding features of the trends in the annual curve of H F are the low scatter in winter and the high fluctuations in summer (Figure 9f ). The peaks around the day 160, 190, and 250 are not random noise (Runs-Test on Randomness).
Trends in the Relative Contributions to the Net Heat Flux
In the previous section, we showed the temporal trends for the period 1984-2011 for each heat flux component separately. Here the seasonal contributions of the heat flux components are compared with each other. Figure 10d H W fraction is similar to H A , but all trends are negative (Figure 10b ). The contributions of the nonradiative fluxes have remained almost constant, except for an increasing H E fraction in summer ( Figure 10f ) and a slight decrease of the H C fraction in winter (Figure 10c ).
Summary and Discussion
We calculated the dominant heat fluxes at the surface of Lake Constance for the period 1984-2011. The Rhine River, a point source of thermal energy, was also considered in the balance equation. Based on these time series and their trends, the processes responsible for the measured increasing surface water temperatures of Lake Constance were evaluated.
Besides absorption of the longwave radiation H A , the shortwave radiation H S is the dominant additional heat input. H S has an annual course with a minimum of $27 W m 22 in winter and a maximum of $216 W m 22 in summer. These values are in the range of values that were found by Livingstone and Imboden [1989] for Lake Aegeri for the period [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] Figure 11 ). The correlation coefficient between the sum of H A 1 H S and T W is, therefore, higher at 0.89 (p value 5 3.13310 210 ). Between April and June, the relative contribution of H S to the total heat fluxes strongly increased, while that of H A decreased. This additional energy input due to solar radiation is stored in the water body and is released with a delay of about 2 months by H W and by a higher evaporation throughout the year. This conjecture is based on the fact that the relative contribution of H A and the compensating H W decreases while H S increases. The increase in H S is expected to be a transient phenomenon due to recent improvements in air quality, whereas continued warming of lake surface temperatures in the future is expected to be caused almost entirely by increasing H A .
The nonradiative components did not cause the T W to increase. Rather they changed as a consequence of higher water temperatures. The trend of the annual heat flux by evaporation/condensation (20.27 6 0.12 W m 22 yr
21
) was caused by more evaporation in summer due to increasing water vapor pressure deficit in summer. This confirms the calculated trends for North-American lakes owing to climate change [Hondzo and Stefan, 1993] . Heat convection changed by only 0.03 6 0.075 W m 22 yr 21 with no significance and specific seasonal structure. The mean annual heat contribution of the Rhine River did not change and is even negative. The total tendency of nonradiative processes adds up to 20.23 W m 22 yr 21 that is completely dominated by evaporation. In summary, the increasing heat input by H A and H S is to a similar extent compensated by increasing outgoing longwave radiation and evaporation.
Considering the increasing demand for lakes as heat sinks and heat sources, the changing heat balance has to be taken into account if heat usage schemes are developed. For instance, the operation of heat extraction and heat release will reduce or enhance the effects of trends in local meteorological conditions, depending on the seasonal distribution of heat extraction.
Conclusions
In this study, we searched for significant modifications in the heat fluxes responsible for the observed warming within a large European lake, Lake Constance. We can conclude: (i) these changes predominantly appear in the radiative heat flux components and in evaporation. Shortwave and longwave radiation from the sky, longwave emission from the water surface, and latent heat flux show almost equivalent absolute trends with compensating effects. The effects of these four components, thus, balance out and, therefore, the heat budget is in quasi-steady state, (ii) The mechanisms of the temporal change over the last 3 decades were as follows: the increasing longwave radiation from the warmer atmosphere plus increasing shortwave radiation (total of 10.46 W m 22 yr 21 ) caused higher surface water temperatures. The warmer surface subsequently emitted more longwave energy and more water evaporated (in equal contributions), both of which compensated for the warming (20.51 W m 22 yr 21 ) from a higher level of surface heat exchanges, (iii) As a result of the intensification of the radiative fluxes, the temperature difference between summer and winter increased. However, the total heat content of the lake has changed very little as individual cold winters 
